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Abstract 
In the CO2 sequestration projects, aiming quantitative monitoring, it is required to estimate the amount of injected 
CO2 by seismic velocity. Among various existing monitoring techniques, seismic methods, e.g., seismic reflection, 
seismic tomography, and sonic logging, are believed as the most promising technique. For this purpose, precise 
understanding of the relationship between seismic velocity and CO2 saturation is necessary for the quantitative 
evaluation.  In this paper, we present the modified patchy saturation model for the time-lapse monitoring well logging 
of the Nagaoka project.  This model provides more precise relationship between the two properties stated above, 
compared with existing saturation models.  Additionally, we discuss the size of CO2 gas patch in the pore space in 
relation to the applied seismic wavelength to validate this model. 
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CCS (Carbon dioxide capture and storage) has been expected as a rapid acting and bridged technology 
among mitigation measures of the global warming.  In the field of CO2 storage, a monitoring of injected 
CO2 is an essential technology during and after the CO2 injection for the verification of safety of CO2 
storage.  In the CO2 sequestration projects, the objectives of the monitoring might progress in steps, from 
the detection, location, and to quantification of the CO2 plume. Thus, the goal of the monitoring is to 
know the amount of injected CO2 in underground.  And, also, the quantification of the underground CO2 
plume might be necessary to enable CCS under the Clean Development Mechanism (CDM). 
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      Among various existing monitoring techniques, seismic methods, e.g., seismic reflection, seismic 
tomography, and sonic logging, are considered as the most promising technique. Actually, seismic 
methods have been adopted in almost all of the CO2 sequestration projects for monitoring of underground 
CO2 plume. Thus, it is very useful to select the seismic methods as the monitoring method for the 
quantification of underground CO2 plume. In other words, precise understanding of the relationship 
between seismic velocity and CO2 saturation is required.   
      This issue has been dealt with in the field of Oil and gas exploration. Seismic velocity of rock in 
which pores are occupied in multiple fluids, e.g., brine and natural gas has been able to be computed by 
an existing theory. And it is also well known that the seismic velocity depends on distribution state of 
multiple fluids (Mavko et al. 2009). For this issue, two states have been considered as the distribution of 
the multiple fluids. One is called uniform saturation which indicates that all pores in the rock have same 
saturation, in other words, multiple fluids mix uniformly. Another is called patchy saturation which 
indicates that multiple fluids exist separately in the pores, in other words, multiple fluids distribute 
partially. The effective bulk modulus which gives seismic velocity of the rock is different in the two 
saturation models (Mavko and Mukerji, 1998).   
     In this paper, we propose the modified patchy saturation model which is different from the uniform 
saturation model and the patchy saturation model. This model provides the relationship between the 
seismic velocity and the CO2 saturation intermediate between the uniform and the patchy saturation 
model. According to time-lapse logging results at the Nagaoka project which is a first experienced pilot 
CO2 injection project in Japan, the data fall between uniform saturation and patchy saturation curves in 
graph of CO2 saturation vs. seismic velocity. The modified patchy saturation model gives the explanation 
to the graph. 
    Additionally, in order to apply patchy saturation models, it is necessary to notice the relationship 
between the patch size and the applied seismic wavelength.  Whether we can observe as the patchy 
saturation or not depends on the patch size of distributed CO2 in pore space.  If the patch size is much 
smaller than the applied seismic wavelength, every situation is observed as the uniform saturation. In 
contrast, if the patch size is ranging from much larger than pore scale and a few times less than 
wavelength, the situation is observed as the patchy saturation.  A minimum patch size of the patchy 
saturation model can be determined by comparing the diffusion relaxation time and the period of applied 
seismic wave.  
2. Theory of saturation models  
Gassmann’s equation is a convenient way to calculate bulk modulus of saturated rock.  Since this 
equation describes the relationship between the bulk moduli of saturated, dry, and mineral phase, we can 
compute one of them by manipulating the equation.  The equation is shown below (Mavko et al., 2009). 
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, where, Ksat, Kdry, Ks, Kfluid are the bulk moduli of the saturated rock, dry rock, mineral, and the fluid; 
respectively, and is the porosity.  
      This equation implies that Kfluid can be computed from Ksat, Ks, and Kdry.  In order to obtain the fluid 
bulk modulus,
 
the saturated bulk modulus can be obtained from observed seismic velocity, and the bulk 
modulus of mineral can be estimated by literatures, and dry bulk modulus can be measured in core-test, or 
derived from the rock physics model.  However, when the rock contains several types of fluid, we need to 
(2.1)
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know the distribution of the fluid mixture in the pore space.  It is well known that two distribution states, 
such as uniform and patchy saturation, cause a significant difference on the seismic velocity even if the 
gas saturation is the same value.  
  
(1) Uniform saturation 
This saturation model means that every pore spaces retain the same gas saturation.  In this case, the 
saturation can be computed by replacing the fluid bulk modulus with an effective bulk modulus of the 
fluid mixture in the Gassmann’s equation.  The effective bulk modulus of the mixed fluid, gas and water, 
can be computed by the following equation. 
     
(2.2) 
 
    
, where Kef-fl is the bulk modulus of the effective fluid, Sgas is gas saturation, Kgas is bulk modulus of 
gas, Sw is water saturation, and Kw is bulk modulus of water.  This model is called Gassmann-Woods 
model (Wood, 1995). 
 
 (2) Patchy saturation 
      This saturation model means that the gas distributes partially in the pore space of the rock.  In this 
case, the bulk modulus of the rock is calculated by the following equation.  
     
(2.3) 
 
  
(2.4) 
 
, where Meff is the effective P-wave modulus of the rock, Vw is the volume fraction of water in the pore 
space, Mw is the P-wave bulk modulus of water saturated rock, Vgas is the volume fraction of gas and Mgas 
is the P-wave bulk modulus of gas saturated rock.   is density and Vp is P-wave velocity. The equation 
2.4 shows definition of P-wave modulus. This model is called Gassmann-Hill model (Mavko and 
Mukerji, 1998). 
 
 (3) Modified patchy saturation 
      We propose a new model, named modified patchy saturation.  In the standard patchy saturation stated 
in the paragraph (2), effective bulk modulus is calculated by mixing of fully saturated water part and gas 
part as shown in equation (2.3).  However, in the case of CO2 injection, CO2 cannot invade into all pore 
space of the rock due to the capillary pressure and rapid injection by applying high pressure.  Hence, in 
this model, we adopt partially CO2 saturated part as the end member of the mixture for the calculation of 
the effective P-wave modulus.  This idea corresponds to an existing of maximum CO2 containable pore 
volume (Azuma et al., 2010), or irreducible water saturation, which is a parameter used in the two phase 
flow simulation (Pruess et al., 1999). 
      The schematic diagram illustrating the theoretical curves explaining the three models is shown in Fig. 
2.1.  The theoretical curve of P-wave velocity versus saturation derived by this modified patchy saturation 
model falls between the uniform and the standard patchy saturation curves. 
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Fig. 2.1 Schematic diagram explaining several saturation models 
 
 
3.  Applying the modified patchy saturation model to the data of Nagaoka project   
 
      We calculated the theoretical curves for P-wave velocity versus CO2 saturation by above mentioned 
three models with reservoir parameters of Nagaoka site.  And we compared the models with time-lapse 
well logs conducted in the same area.  
 
(1)  Log data  
In order to compare the data with the 
saturation models, CO2 saturation is calculated 
from time lapse neutron logs by following 
equation. 
 
Sg
b m
b
      (3.1)
  
, where Sg is CO2 saturation, b and m are 
neutron porosity before and after the CO2 
breakthrough. 
Fig. 3.1 shows the time-lapse logging for the 
analysis (Xue et al., 2006).  The left column in 
this figure shows P-wave velocity and the right 
column shows neutron porosity. Black bold 
lines are the baseline data, while thin lines 
represent time-lapse well logs after the 
breakthrough.  Here breakthrough means a 
timing to arrive CO2 at the borehole where the 
loggings were carried out. 
The data inside the rectangle in Fig. 3.1 are 
the target depth interval; especially, the interval from 1113m to 118m is target under the investigation of 
the following analysis. The run number of time-lapse logging for the analysis is from 18th to 26th.  
Fig. 3.1 Time lapse logging data for the analysis 
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(2) Comparing the data with theoretical curves 
Fig. 3.2 shows the cross-plot, porosity computed by neutron log versus P-wave velocity from sonic 
logs.  The theoretical curves are overlaid on the data.  Three theoretical curves in this figure are computed 
by the uniform saturation model, standard patchy saturation model and the modified patchy saturation 
model.  The critical gas saturation of the modified patchy saturation model is adopted 0.5 by estimation 
from the data.  This value of 0.5 agrees with the irreducible water saturation determined as a parameter 
for two phase flow simulation of Nagaoka site (Tanase et al., 2006). 
Fig.3.2 shows the good agreement between the theoretical curves derived by the modified patchy 
saturation model and the logging data.   
 
 
 
Fig. 3.2  Overlay of the logging data on the theoretical curves 
 
(3)Comparing the data within sub intervals 
      We subdivided the target depth interval into three sub-intervals for more detailed analysis.  The 
subdivided three intervals, upper, middle, and bottom are determined by P-wave velocity, CO2 saturation 
and resistivity logs as shown in Fig. 3.3.  This figure shows three types of logs from the left to the right 
column: P-wave velocity from sonic log, CO2 saturation from neutron log, resistivity image of the 
borehole inside wall from FMI log (Sato et al., 2010).  We divided into three intervals, 1113.5 to 1114.5m 
as an upper subinterval, 1114.5 to 1115.2m as a middle subinterval and 1115.2 to 1117.0m as a bottom 
subinterval.   
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We applied the modified patchy saturation model to the three sub intervals, individually. First, it is 
necessary to determine the critical gas saturation in each sub intervals. In Nagaoka project, NMR logging
was conducted before the CO2 injection, so we could obtain the pore-size distribution of reservoir rocks.
As shown in Fig. 3.4, the distribution can be divided into two zones: free fluid volume (FFV), bound fluid
volume (BFV). FFV means pore volume where fluid can flow freely, while BFV means pore volume
where fluid can move. Thus, it is possible to compute the critical gas saturation from the FFV by the
following equation.
(3.2)
, where Sgc is critical gas saturation, FFV is free fluid volume and T is total porosity derived from
NMR logging. 
The CO2 saturation derived from time-lapse 
neutron logs by using equation 3.1 is shown in Fig.
3.5 (right). The envelope of the logs highlighted
by red line indicates the maximum CO2 saturation
at each depth, and also it might be considered as a 
maximum replaceable pore volume fraction.
The critical gas saturation can be derived from 
NMR log by using equation 3.2. The result is
shown in Fig. 3.5 (left). The shape of result
corresponds to the envelope from time-lapse 
neutron logs shown in Fig. 3.5 (right).  
  The mean values of critical gas saturation 
derived from NMR log are shown in the left by 
straight lines in each subinterval. The mean values
of the upper, middle, and bottom intervals are 0.46, 
0.39, and 0.51, respectively.
    The cross-plots of P-wave velocity vs. CO2
saturation for bottom, middle, upper interval are
T
FFVBFV
Fig. 3.4 NMR logging
T
gc
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S
Fig. 3.3 Subdivided 3 intervals
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shown in Fig. 3.6, 3.7, and 3.8.  In these figures, the theoretical curves of the uniform, the patchy, and the 
modified patchy saturation models are plotted at the each sub-interval.  For the modified patchy saturation 
model, two critical gas saturation values are used: one is obtained from NMR log, the other is the 
maximum saturation values observed by CO2 saturation derived from neutron logs.  As shown in these 
figures, the data agree with the modified patchy saturation model, especially with the critical gas 
saturation from NMR log in all sub-intervals. 
 
 
 
 
   
 
 
Fig. 3.6 The logging data and theoretical curves at bottom 
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Fig. 3.7 The logging data and theoretical curves at middle 
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4.  CO2 partial saturated size in the patchy saturation 
 
      To adopt patchy saturation models, it is necessary to consider the relationship between CO2 patch size 
and applied seismic wavelength.  Whether or not we can observe the patchy saturation depends on the 
patch size of distributed CO2 in the pore space in relation to applied seismic wavelength.  If the patch size 
is much smaller than the wavelength of sonic logging, every situation is observed as the uniform 
saturation.  In contrast, if the patch size is ranging from much larger than pore scale and a few times less 
than wavelength, the situation is observed as the patchy saturation.  A minimum patch size of the patchy 
saturation model can be determined by comparing the diffusion relaxation time and the period of applied 
wave.  The equation for the minimum patch size is expressed by equation 4.1. 
 
       (4.1) 
 
, where
0x  is minimum patch size. D is a diffusion coefficient. And f is the applied seismic frequency.  
The diffusion coefficient is calculated with permeability, porosity, fluid viscosity, fluid compressibility 
and pore compressibility.  Thus, we can calculate the minimum patchy size from reservoir characteristics 
and the sonic log frequency.  At Nagaoka site, the minimum patch size calculated from actual parameters 
and approximate wavelength is a few millimeters.  According to a thin section image, this patch size is 
much larger than the pore scale of the reservoir rock.  Therefore, we conclude that injected CO2 is 
distributed in patchy saturated state in the reservoir at Nagaoka site. 
 
5.  Conclusions and discussions 
 
      This paper provided the modified patchy saturation model for estimating CO2 saturation from seismic 
velocity.  So far, two models, uniform and patchy saturation, have been used in order to estimate gas 
saturation.  In the case of CO2 injection, however, relatively high pressure is applied to reservoirs and 
CO2 is injected rapidly; therefore, the distribution of CO2 may become patchy rather than uniform 
saturation.   
Fig. 3.8 The logging data and theoretical curves at upper sub-
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Because CO2 cannot replace all water in pore space due to the capillary pressure and rapid injection 
with high pressure, the existing patchy saturation model of which the end member is 100 percent gas 
saturated is not applicable in CO2 sequestration.  On the other hand, in the modified patchy saturation 
model, the critical saturation is used instead of the fully gas saturation.  Consequently, we are able to 
estimate more reasonable saturation value.  This model was validated by showing good agreement of its 
theoretical curve with actual data obtained in Nagaoka site.  
The investigation of the size of CO2 partial saturation is necessary for applying patchy saturation 
model.  We computed the minimum patch size with seismic frequency and characteristics of the reservoir; 
and the computed size is much larger than the typical pore size observed by thin section image.  Therefore, 
we confirmed the validity of applying the patchy saturation model. 
For the monitoring in CO2 sequestration project, the critical gas saturation must be determined to 
apply the modified patchy saturation model.  If NMR log is available, we can use it as we demonstrated in 
this paper.  But if it is not, permeability derived by well test or laboratory test could be an alternative.  
Since permeability is a requisite characteristic for planning an injection project, the permeability 
measurements should be conducted in all CO2 sequestration projects.  Therefore, it would be possible to 
apply the modified patchy saturation model to estimate CO2 saturation from seismic velocity more 
quantitatively.   
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